An in-plane spin-photon interface is essential for the integration of quantum dot spins with optical circuits. The optical dipole of a quantum dot lies in the plane and the spin is optically accessed via circularly polarized selection rules. Hence, a single waveguide, which can transport only one in-plane linear polarization component, cannot communicate the spin state between two points on a chip. To overcome this issue, we introduce a spin-photon interface based on two orthogonal waveguides, where the polarization emitted by a quantum dot is mapped to a path-encoded photon. We demonstrate operation by deducing the spin using the interference of in-plane photons. A second device directly maps right and left circular polarizations to antiparallel waveguides, surprising for a nonchiral structure but consistent with an off-center dot. The spin of a quantum dot (QD) makes a good static qubit with microsecond regime coherence times [1, 2] and radiative lifetime limited optical transitions [3] . A promising approach to build a register of qubits is to use a network of spatially separated QDs with a manageable energy spectrum, connected by photons. A number of key experimental demonstrations towards this goal have been reported, including highly tunable QDs [4, 5] , nonclassical light sources [6] [7] [8] , strong coupling [9,10], indistinguishable photons from two remote QDs [11, 12] , and on-chip integration with single photon detectors [13] . Conceptually, the most obvious way to think of transmitting spin information is to use the polarization state of the photon, since the spin of a recombining QD exciton and the polarization of the emitted photon are related by strict selection rules. However, this is not compatible with a planar photonic circuit, which is essential for integration [14] . The fundamental problem is that, due to strong vertical confinement, the optical dipole of a self-assembled QD lies in the xy plane, and since only the x or y linear polarization component of the left or right ½ AE ¼ ðx AE iyÞ= ffiffiffi 2 p circularly polarized light can propagate along a waveguide, the in-plane transfer of spin information is inhibited. Even the most basic question of how to optically detect a spin using in-plane photons has not, until now, been addressed.
The spin of a quantum dot (QD) makes a good static qubit with microsecond regime coherence times [1, 2] and radiative lifetime limited optical transitions [3] . A promising approach to build a register of qubits is to use a network of spatially separated QDs with a manageable energy spectrum, connected by photons. A number of key experimental demonstrations towards this goal have been reported, including highly tunable QDs [4, 5] , nonclassical light sources [6] [7] [8] , strong coupling [9, 10] , indistinguishable photons from two remote QDs [11, 12] , and on-chip integration with single photon detectors [13] . Conceptually, the most obvious way to think of transmitting spin information is to use the polarization state of the photon, since the spin of a recombining QD exciton and the polarization of the emitted photon are related by strict selection rules. However, this is not compatible with a planar photonic circuit, which is essential for integration [14] . The fundamental problem is that, due to strong vertical confinement, the optical dipole of a self-assembled QD lies in the xy plane, and since only the x or y linear polarization component of the left or right ½ AE ¼ ðx AE iyÞ= ffiffiffi 2 p circularly polarized light can propagate along a waveguide, the in-plane transfer of spin information is inhibited. Even the most basic question of how to optically detect a spin using in-plane photons has not, until now, been addressed.
In this Letter we propose and demonstrate a spin to guided-photon interface. A scanning electron microscope image of the prototype device employed is presented in Fig. 1(a) . The device consists of two orthogonal freestanding waveguides with a width of $200 nm connected to four outcouplers [15] . The waveguides are fabricated from a 140 nm thick GaAs layer containing a single layer of InGaAs QDs at its center.
Because of strict selection rules, when an exciton recombines it emits a photon with a polarization that can be mapped to the pseudospin of the exciton. In the case of a charged QD, the spin of the resident carrier can then be inferred from Pauli blocking. Here we present results for a neutral exciton transition, but the demonstration holds for all charge states of the QD. A QD located at the center of the waveguide intersection will coherently emit the xðyÞ-polarization component of a circularly polarized state into the waveguides aligned along the yðxÞ directions, respectively. By collecting both polarization components, while retaining their relative phase, the full polarization state of the photon is mapped to a path-encoded state. On recombining the light from the waveguides, the polarization state of the photon can be reconstructed at another point in the plane, hence enabling on-chip transfer of spin information.
Finite difference time domain (FDTD) simulations [16] reveal that the spin to path conversion is sensitive to the QD position. We present experimental results from two devices. For device A, consistent with a QD located near the center of the intersection, the coherent transfer of the full polarization of the photon emitted by the QD to the path-encoded state is demonstrated. By contrast, in device B, consistent with the QD located off center, the þ and À polarization components are mapped to different waveguides enabling direct readout of the up or down state of the QD spin. Unexpectedly, in this case inversion symmetry between propagation along forward and backward
week ending 18 JANUARY 2013 0031-9007=13=110(3)=037402 (5) 037402-1 Ó 2013 American Physical Society aligned waveguides is broken. This result is in good agreement with the FDTD simulations, which show that an arbitrary spin state can still be transferred via a pair of waveguides when the QD is off center, making the technique robust to QD alignment accuracy. The demonstration of the principle proceeds by several steps. First, a laser is used to excite the QD wetting layer at the intersection. A map of the photoluminescence (PL), integrated over the QD ensemble, is presented in Fig. 1(c) . Strong emission is observed from all four outcouplers and the intersection. This verifies that emission from the QDs excited at the waveguide intersection is transmitted along the waveguides and scattered vertically by the outcouplers.
The next step is to identify a device in which a single QD emits into two orthogonal waveguides. The structure is again excited at the intersection and PL spectra measured at the intersection and the outcouplers, labeled O R and O T in Fig. 1(a) , are compared. A magnetic field, B ¼ 3 T, is applied normal to the sample plane, so that the þ and À polarized transitions can be identified by their characteristic energies. Figure 1 (d) shows the PL spectrum for the Zeeman split doublet originating from a QD located at the intersection of device A. When observed vertically from the intersection, polarization sensitive detection confirms that the two transitions are right and left circularly polarized. Both transitions can also be observed from all four outcouplers, with the spectra recorded from O R and O T shown in Fig. 1(d) . The contrast C between the AE lines observed from the outcouplers, defined as
is the PL intensity of the þ ð À Þ-polarized transition and ¼ T, R are C R ¼ À0:19 and C T ¼ þ0:19, respectively. This is consistent with mapping horizontal and vertical linear polarizations to the orthogonal waveguides, and is close to the desired value of C ¼ 0. To verify that the QD is a single photon emitter, the second-order correlation function is measured and clear antibunching observed. Using Fourier-transform spectroscopy, the coherence times for the QDs of devices A and B are found to be $100 and $68 ps, respectively. This is typical of InGaAs QDs in nanophotonic structures [17, 18] , but shorter than values reported for QDs in the bulk [3] . The characterization of the QDs is presented in Sec. S1 of the Supplemental Material [19] .
Finally, in the ideal case, a AE -polarized photon emitted by the QD will be mapped to the top and right waveguides such that jxi AE ijyi ! jTi AE ijRi. To demonstrate this we use an interference experiment as depicted in Fig. 1(b) . Emission from the top and right waveguides is collected by two fibers and recombined using a fiber beam splitter. The first-order interference of the photoluminescence of the þ and À peaks is measured simultaneously using separate avalanche photo diodes (APDs) to demonstrate the optical coherence of photons emitted into the top and right waveguides. The interferograms of the AE peaks are recorded simultaneously to achieve a mechanically robust measurement of their relative phase Á. The relative phase between the x and y components of the AE peaks differs by , resulting in an expected phase shift of between the interferograms of the AE peaks at zero time delay.
To accurately determine time delay t d ¼ 0, the interference contrast of the entire QD ensemble is measured and plotted in Fig. 2(c) . Figure 2 (a) presents a plot of the intensities I AE of the AE peaks as the time delay is varied using a mirror mounted on a piezoelectric actuator for a coarse time delay t d of zero. The I AE interference signals are close to out of phase, confirming that the spin up or down state of the QD is encoded in the relative phase between the top and bottom waveguides. In principle, if the phase delay is fixed at =2, in-plane detection of the spin is possible, since a photon emitted by a QD in the spin up or down state would exit via opposite ports of an onchip beam splitter. 
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To make a more accurate measurement of the relative phase Á, a series of measurements of I AE versus coarse time delay is made for small variations in the time delay using the piezoelectric actuated mirror. A phase plot of I þ versus I À results in an ellipsoid from which the relative phase and visibility can be deduced, as shown in Fig. 2(b) . In Fig. 2(d) , as the time delay is varied, the ellipticity of the plot oscillates between a straight line of negative gradient (Á ¼ ) to a straight line of positive gradient (Á ¼ 0), via a circle (Á ¼ =2). The period is 10 ps, corresponding to the Zeeman splitting of 0.41 meV. The oscillation in the relative phase Á is plotted in Fig. 2(c) . At zero time delay Á ¼ 0:91 is deduced, close to the expected value of . The above experiments demonstrate that for device A the polarization of the photon emitted by the QD, including the relative phase between polarization components, and hence the full spin state of the QD, is coherently mapped to a path-encoded state by the orthogonal waveguides.
Device B demonstrates markedly different behavior, with in-plane spin readout without the need for an interferometer. Figures 3(a) To understand the different spin to path conversion properties of devices A and B, we use FDTD simulations to investigate the effect of QD position [19] . A circularly polarized dipole source is located in the intersection at a distance s from the center along the diagonal, as illustrated in Fig. 3(h) , and the power transmitted into the four waveguides calculated. Figure 3(c) plots the calculated contrast in the waveguides as a function of s, which is strongly dependent on source position. Close to the center, light is coupled equally into all four waveguides, as observed for device A. If, however, the QD is located at s ¼ 90 nm, the þ ð À Þ polarized light is directed along the bottom and right (top and left) waveguides, reproducing the experimentally observed behavior of device B. From the simulations, we infer that for device A, s < $50 nm, and for device B, s % 90 nm. The operation of the two devices is [19] show that, despite the different spin to guided-photon maps resulting from QD location, it is possible to deduce any arbitrary spin state via a measurement of the intensity and phase at two output ports. This implies that following characterization of the device, spin to guided-photon operation can be achieved for a range of QD positions.
The different polarization to which-path conversion properties can be understood as follows. The intersection may be considered as an input or output device whose function can be simulated as a superposition of 4 beam splitters oriented every 45 . From experiments and theory [20] it is known that the backreflection is weak, and therefore the beam splitters along the x and y axes can be neglected. To conserve energy as the QD position is moved, we also deduce that the remaining two beam splitters must be 50:50.
For an x-polarized dipole, light is emitted primarily into wave vectors ky which can be treated as inputs from the top and bottom waveguides with a relative phase of since the source is a dipole. The amplitudes of the output ports are then calculated as a superposition of all four combinations of input ports and beam-splitter orientation, as depicted in Fig. S4 of the Supplemental Material [19] . The amplitudes for the y-polarized dipole can also be calculated in this way. The amplitudes for any arbitrary polarization are then calculated as a superposition of the x and y dipoles. The results of this calculation are presented in Fig. S4 of the Supplemental Material [19] .
If the QD is positioned at the center, the reflections into the right and left waveguides destructively interfere and the x dipole only emits into the top or bottom waveguides, as observed for device A.
If the QD is displaced along the diagonal, the reflection symmetry about the antidiagonal axis is broken and the input states of the antidiagonal beam splitter acquire a position dependent phase factor e AEiks= ffiffi 2 p for the top and bottom inputs, respectively. For þ -polarized dipole, at a position ks= ffiffiffi 2 p ¼ =2, a destructive interference occurs canceling emission into the top and left waveguides, as observed for device B. For a wavelength of 920 nm, this occurs at s ¼ 93 nm, close to the value deduced using FDTD, confirming this interpretation.
In summary, we have presented a scheme for interfacing an optically addressed spin qubit to a path-encoded photon using a crossed waveguide device. We have demonstrated the operation of this device in two regimes dependent on the location of the QD and have shown that it can be used 
